INTRODUCTION
The Pajarito fault system (PFS; Fig. 1 ), New Mexico, United States, is tectonically active, comprising the active bounding faults of the Española basin of the Rio Grande rift, and is the subject of ongoing paleoseismic investigations. Paleoseismic data from the PFS demonstrate at least two, and possibly three, surface-rupturing events in Holocene time (e.g., Wong et al., 1995; Kelson et al., 1996; Reneau et al., 2002; Gardner et al., 2003; McCalpin, 2005) , but all of them on different fault strands. Despite the importance of understanding the geometry of the fault system and potential linkage among faults for purposes of seismic hazard analysis, a robust kinematic model of the fault system is lacking.
Most normal fault systems, including the PFS, are characterized by signifi cant geometric irregularity, including lateral variation in displacement, strike and dip, and complexity of faulting. The PFS is an en echelon array of faults and folds. En echelon fault arrays evolve into through-going structures by linkage of overlapping segments either by propagation of fault tips or by formation of new connecting faults (e.g., Peacock and Sanderson, 1994; Trudgill and Cartwright, 1994; Crider, 2001) . Forced folds may develop as fault tips propagate upward or laterally, forming monoclines or faulted monoclines as deformation progresses (e.g., Withjack et al., 1990; Hardy and McClay, 1999; Withjack and Callaway, 2000; Willsey et al., 2002) . Processes of fault linkage and propagation can therefore result in complex fault geometry. This has been shown in analog and numerical models and fi eld examples of fault systems across a range of scales.
Unraveling the kinematics of a complex system like the PFS to test hypotheses of fault linkage and propagation requires time-stratigraphic markers to determine displacement along the length of the fault system and to defi ne fault activity temporally. In the Jemez Mountains of northern New Mexico, a distinctive Pleistocene geologic unit, the Bandelier Tuff, provides exceptional stratigraphic markers with which to measure structural displacements (Fig. 2) . The PFS cuts the Bandelier Tuff nearly end to end along its 50 km length. In this paper we use the 1.25 Ma old (Phillips, 2004) Tshirege Member of the Bandelier Tuff as a datum to construct a composite throw profi le for the PFS. Nevertheless, throw on Bandelier Tuff integrates fault ruptures that have occurred over the past 1.25 Ma. To understand patterns of fault interaction requires paleoseismic data that demonstrate which fault strands rupture, and when. Combining new paleoseismic results and detailed mapping of fault deformation affecting the Bandelier Tuff, we propose a model of the fault system's geometry and Quaternary evolution that takes into account evidence for propagation and linkage of principal fault strands.
In addition to neotectonics, the results of this study have implications for investigations of normal fault systems of any age in any tec- tonic setting. These results will be of interest to researchers who study tectonic geomorphology, in particular modelers of basin evolution and surface processes, hydrologists who model fl uid fl ow in rift basins, and geophysicists who study extensional seismicity, crustal-scale structure, and the lithospheric evolution of rift systems.
GEOLOGIC SETTING
The study area is at the eastern edge of the Jemez Mountains at the intersection of the Rio Grande rift and the Jemez lineament (Fig. 1) . The Rio Grande rift is a middle TertiaryQuaternary system of asymmetric rift basins (e.g., Kelley, 1979 ) that extends from southern New Mexico to southern Wyoming. The study area is located in the Española basin, a half-graben bounded on the west by the PFS (Fig. 1) , parts of which have been active since mid-Miocene time. Strata of the Miocene riftfi lling Santa Fe Group dip gently to moderately westward toward the fault system.
Basaltic to rhyolitic volcanic activity accompanied formation of the Española basin. In the Jemez Mountains, volcanic activity started ca. 23 Ma ago at isolated basaltic centers (e.g., Gardner and Goff, 1984; WoldeGabriel et al., 2003) . The culmination of the volcanic fi eld's development occurred in Quaternary time with eruption of the Bandelier Tuff, resulting in deposition of 650 km 3 (dense rock equivalent; Self et al., 1986) of rhyolitic ash fl ow tuffs in the VallesToledo caldera, which collapsed as a result of the eruption, and on the plateaus that now surround it (Fig. 1) . Activity on the PFS continued after Bandelier Tuff deposition, resulting in the present fault deformation of the tuff.
PREVIOUS WORK
The PFS is a series of faults and fault zones that defi nes the active western and northwestern boundary of the Española basin (Griggs, 1964; Smith et al., 1970; Kelley, 1979; Boden, 1980; Golombek, 1981; Gardner and House, 1987) . The Pajarito fault, namesake of the fault system, is the principal, crustal-scale normal fault at the basin boundary, but the Rendija Canyon, Guaje Mountain, Sawyer Canyon, and Puye faults all formed in response to the same regional stress system as the Pajarito fault, and are considered part of the PFS (Carter and Gardner, 1996) (Fig. 3) . Components of the PFS are described in the following and were mapped by Gardner and House (1987) , Goff et al. (1990 ), McCalpin (1997 , Smith and Kuhle (1998) , Gardner et al. (1999 Gardner et al. ( , 2001 , Goff et al. (2001) , Kempter and Kelley (2002) , Lewis et al. (2002) , Lynch et al. (2004) , and Koning et al. (2005) .
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Pajarito Fault
The Pajarito fault (PF) strikes north to northeast through Bandelier National Monument and the city of Los Alamos (Figs. 1 and 3) . The geometry of the fault varies appreciably along strike (e.g., McCalpin 1997 McCalpin , 2005 Gardner et al., 1999 ; this study). The PF is expressed at the surface as a large normal fault escarpment, a faulted monocline, and a zone of distributed deformation with signifi cant down-to-the-east vertical displacement on the Tshirege Member of the Bandelier Tuff. Maximum throw on the PF occurs south of Frijoles Canyon, where it is expressed at the surface as two parallel downto-the-east normal faults with ~180 m throw on Bandelier Tuff on the westernmost fault and ~90 m on the eastern fault (Fig. 3 , site G; Gardner and House, 1987; Reneau, 2000) .
The paleoseismic event chronology of the PF has been addressed by a series of studies (Wong et al., 1995 (Wong et al., , 2007 Olig et al., 1996; McCalpin, 2005) . Fourteen trenches excavated across strands of the PF (McCalpin, 2005) revealed details of the geometry of faulting, the style and timing of post-Bandelier deposition, and the paleoseismic event chronology. Four of these trenches (97-3, 97-4, 97-7 , and 97-7A; Animation 1) displayed evidence of a middle to late Holocene "most recent" event.
The most recent event identifi ed in trenches 97-7 and 97-7a (located on the same fault several meters apart) is tightly delimited by radiocarbon dates of ca. 1.5 radiocarbon ka B.P., or 1.4 cal (calendar) ka ago (McCalpin, 2005) . In trenches 97-3 and 97-4 (located on the same fault ~100 m apart but on a different strand than trenches 97-7 and 97-7a), the most recent event is well defi ned at 6.5-5.2 cal ka ago (McCalpin, 2005) . This is clearly not the event identifi ed in trenches 97-7 and 97-7a.
Further trench exposures characterized the stratigraphy and structure of the east side of a graben at the base of the PF escarpment (Fig. 3 , blue star), providing evidence for a minimum of six surface rupturing events in the past 1.25 Ma and demonstrating the recurring nature of surface faulting at the site . The most recent event occurred more recently than 10.5 cal ka ago. If a prominent alignment of stones identifi ed in the trench represents mass wasting during the most recent event, the event occurred between 8.6 and 5.5 cal ka ago, most likely closer to 8.6 cal ka ago. It is also possible that the stone line was formed not during a paleoseismic event on the PF, but during a paleoseismic event elsewhere in the fault system or the region. 
Rendija Canyon Fault
The Rendija Canyon fault (RCF) is a dominantly down-to-the-west normal fault that, along with the down-to-the-east PF, bounds the Diamond Drive graben ( Fig. 3 ; Gardner et al., 1999) . The graben trends north and is beneath the western part of Los Alamos. The 14-km-long RCF is located ~3 km east of the PF (Gardner and House, 1987; Gardner et al., 1999) . It exhibits as much as 40 m of post-Bandelier Tuff down-to-the-west displacement (Carter and Gardner, 1996; . South of the town of Los Alamos, the RCF splays southwest into a zone of deformation ~1500 m wide with evidence for monoclinal folding and high-angle reverse faulting, as well as normal faulting in which northeast-striking normal faults generally have <3 m of normal throw, and monoclines and faulted monoclines accommodate <15 m of cumulative throw on Bandelier Tuff (e.g., Gardner et al., 1999) . This zone of distributed deformation, including gentle northward tilts of structural blocks, forms part of the diffuse southern boundary of the Diamond Drive graben (Fig. 3) . Net down-to-the-west displacement gradually decreases to the south as the zone of deformation broadens; faulting probably dies out just south of Twomile Canyon (Fig. 3) , where net down-to-the-west throw is ~10 m on Bandelier Tuff.
Trench exposures across the southern termination of the RCF provided evidence of three or four surface ruptures since deposition of colluvium deposited before 140 ± 26 ka ago (Wong et al., 1995; Kelson et al., 1996) . Charcoal samples from unfaulted strata yielded an average age of 8.1 ± 0.2 cal ka, whereas thermoluminescence analyses gave an average age of 23 ± 4 ka. These studies concluded that the most recent rupture occurred ca. 9 ka ago. Fluvial terrace deposits as young as 4.0-0.5 ka were not faulted (McDonald et al., 1996; Olig et al., 1996) , indicating no paleoseismic event younger than ca. 9 ka ago.
Guaje Mountain Fault
The Guaje Mountain fault (GMF) is located ~2 km east of the subparallel RCF and ~5 km east of the PF ( Fig. 3 ; Gardner and House, 1987; Gardner et al., 1999) . It is somewhat shorter than the RCF and exhibits ~35 m of down-tothe-west throw (Carter and Gardner, 1996; Olig et al., 1996) . The southern extent and amount of displacement of the GMF are not well characterized. The fault loses topographic expression between Rendija and Pueblo Canyons ( Fig. 3 ; Gardner et al., 2003) .
Trenches excavated across the GMF provide evidence for repeated late Quaternary surface ruptures, including a Holocene event . The most recent event on the GMF occurred in mid-Holocene time, ca. 6.5-4.2 cal ka ago. This event is tightly delimited in one trench, and evidence from other trenches is consistent with this timing . Strata exposed in the trenches dated 3.8-0.3 cal ka ago are not faulted, indicating no paleoseismic event younger than 4.2 cal ka ago along the fault.
Embudo Fault System
The 65-km-long Embudo fault system (Fig. 1) forms the structural boundary between two actively subsiding asymmetric half-grabens, the east-tilted San Luis basin to the north and the west-tilted Española basin to the south. The 20-km-long northeastern segment has been dominated by left-lateral strike slip since the late Tertiary and shows evidence of late Quaternary left-oblique slip along discontinuous fault strands distributed over a width of several kilometers (e.g., Kelson et al., 2004) . The 45-km-long southwestern section, termed the Santa Clara fault (Koning et al., 2004) , shows ~500 m of normal displacement on middle Miocene basalts, ~40 m of normal displacement on an early Pleistocene terrace (Harrington and Aldrich, 1984) , and no vertical displacement postdating deposition of an early to middle Pleistocene terrace (e.g., Dethier and Reneau, 1995) . Locally, there is equivocal evidence for recent subsidence (Reilinger and York, 1979) and deformation of late Pleistocene terraces (Koning et al., 2004) . Koning et al. (2005) established that the PFS and Embudo fault system are not hard linked at the surface. Rather, they are connected via distributed deformation on northto northeast-striking normal faults that displace late Quaternary pediment gravels. No paleoseismic data exist for the Embudo fault system.
METHODS
This study is based on fi eld mapping of offset geologic markers, laboratory measurement of scarp heights from a digital elevation model (DEM) (Carey and Cole, 2002) , and borehole drilling. We mapped bedrock and surfi cial geologic units in the fi eld at a scale of 1:1200, using topographic base maps with 0.6 m contours derived from a DEM with a 1.2 m grid, based on a LIDAR (light detection and ranging) survey performed in 2000 (Carey and Cole, 2002) . Comparison of the LIDAR survey with global positioning system (GPS) and total station surveys (Gardner et al., 1999) reveals that >90% of the LIDAR data have better than 0.6 m horizontal positional accuracy and better than 0.3 m vertical positional accuracy relative to independent data (Carey and Cole, 2002) , and meet national map standards. The geologic map shown in Animation 1 was created from digitized versions of the fi eld geologic maps described above using ArcMap computer software (copyright ESRI).
Profi les of along-strike variation in throw were derived using several approaches. First, throw was measured in the fi eld on the basis of displaced contacts of Bandelier Tuff subunits. Second, in areas beyond the limits of detailed mapping, throw was measured on the displaced top of the Bandelier Tuff using scarp height as a proxy. Scarp height in the Bandelier Tuff has been shown to be a reasonable approximation of stratigraphic separation on these rocks in this area ). Using a LIDAR 1.2 m grid (Carey and Cole, 2002) in ArcMap, we differenced elevations of points on the surface of the Bandelier Tuff in the footwall and hanging wall of any given fault. Third, in areas of substantial distributed deformation, we estimated net throw by integrating the effects of tilt of bedding, folding, and small-offset faults. Where throw was measured from mapped contacts, we estimate uncertainties to be ~± 3 m. Where throw was estimated from cross sections or by summing distributed deformation, uncertainties are more likely to be ± 5 m. Finally, estimates of throw from LIDAR data on the surface of the tuff are minima because of potential erosion on the footwall or deposition on the hanging wall.
Borehole SHB-WETF-2C (hereafter denoted borehole 2C) was drilled in April 2000 ~450 m from the base of the main escarpment of the PF as part of a seismic hazards evaluation ( Fig. 3 and Animation 1) ). The borehole, and seven other boreholes drilled nearby during the 2000 study (identifi ed herein with numbers), were continuously cored (a total length of ~122 m) using either a diamond coring system with air as the circulating fl uid or a hollow-stem auger with a split-spoon barrel. In some zones of particularly soft material, smalldiameter punch cores were taken. Detailed lithologic logs were prepared for each hole at the drill sites upon retrieval of the core and supplemented with later detailed examination of key intervals. The details of the stratigraphy and physical and geochemical basis for correlations among boreholes are presented elsewhere . We describe below the stratigraphy of borehole 2C, which shows evidence for faulting.
Calibrated radiocarbon dates were obtained from eight samples of charcoal encountered in borehole 2C (Table 1) . Three of these analyses were reported in Gardner et al. (2001) . Samples containing discrete charcoal fragments in silty or sandy matrix were extracted from the core on May 26, 2011 geosphere.gsapubs.org Downloaded from and cleaned and concentrated under a binocular microscope. Five were analyzed by the accelerator mass spectrometry (AMS) method and two by standard beta counting. One bulk sample of silt contained minimal charcoal and was therefore combusted in its entirety and analyzed by AMS. Results were calibrated using the program CALIB 5.3, per the technique described in Reimer et al. (2004) .
STRATIGRAPHY
The most widespread unit in the area of detailed mapping is the Pleistocene Bandelier Tuff (named and subdivided into members by Griggs, 1964) , which forms the local nearsurface bedrock. The Bandelier Tuff consists of two members that were erupted as a series of ash fl ows during enormous caldera-forming volcanic events ca. 1.61 Ma ago (Otowi Member; date from Izett and Obradovich, 1994 ) and 1.25 Ma ago (Tshirege Member; date from Phillips, 2004) . Figure 2 shows the generalized stratigraphy of the Bandelier Tuff and associated deposits. Detailed stratigraphic descriptions are embedded in the legend of the geologic map (Animation 1).
The Tshirege Member (Qbt, Animation 1) consists of a sequence of ash-rich ignimbrites with subsidiary phenocrysts, pumice, and lithic fragments. The cooling unit stratigraphy for the Tshirege Member that we use is based largely on that established by Broxton and Reneau (1995) and later modifi ed (Gardner et al., 1999 Lewis et al., 2002; Lavine et al., 2003) . Tshirege Member cooling units are composed of numerous fl ow units (in some cases associated with progressive eruption of a single pyroclastic fl ow; e.g., Smith, 1960) distinguished by pumice zonation, pumice swarms, lithic concentrations, or thin ash or surge layers (Self et al., 1986) . Cooling unit contacts in the Tshirege Member may or may not coincide with contacts between fl ow units (e.g., Gardner et al., 2001 ), but they are readily distinguished and mapped in the fi eld due to lithologic characteristics and differential erosion as a result of variable welding ( Fig. 2 and Animation 1; see embedded photos in Animation 1). In addition, previous studies have generated a substantial geochemical and mineralogical database that allows supplemental criteria for unit correlations (e.g., Lavine et al., 2003) .
Units within the Tshirege Member are mapped based on primary and secondary features, including, but not limited to, welding, devitrifi cation, vapor-phase alteration, and oxidation and relative content of phenocrysts, pumice, and lithics. Postdepositional physical changes (e.g., oxidation, devitrifi cation, and vapor-phase alteration) are especially useful in distinguishing subunits of Qbt1. Because phenocrysts vary predictably in quantity and grain size among units Qbt3, Qbt3t, and Qbt4 (defi ned in Fig. 2 and Animation 1), phenocryst content is an important criterion for distinguishing among these units. Also, Qbt3 is exceptionally lithic rich, as its eruption coincided with caldera collapse, vent fl aring, and ejection of considerable breccia (Kite, 1985) . Across most of the Pajarito Plateau, sequences of two or more Tshirege Member subunits are present in thicknesses that produce topographic breaks in slope that can be identifi ed readily in the LIDAR data.
RESULTS

Central Pajarito Fault Stratigraphy and Fault Zone Structure
Two subunits of the Tshirege Member (Qbt3t and Qbt4) were encountered in the seismic boreholes ). Subunit Qbt4 is ~14 m thick in borehole 1. The thickness of Qbt3t in the boreholes was not determined, as the base of the unit was not penetrated. In most of the boreholes, a sequence of nonwelded ash and surge beds between physically recognizable Qbt3t and Qbt4 has been geochemically correlated with Qbt4. Thickness varies from 0.3 to 1.2 m.
The top of borehole 2C consists of 4.2 m of fi ll and underlying soil and 9.4 m of tuff unit Qbt4. At a depth of 13.7 m, the tuff is underlain by fi nely laminated sands, silts, and clays with abundant charcoal (Fig. 4) . The contact between the tuff and laminated sediments is horizontal, and no disruption of layering in the sediments is evident. Radiocarbon dates obtained from this sedimentary interval are stratigraphically consistent (Table 1 and Fig. 4) .
Sediments from the top of the section to depths of ~17.4 m, dated as ca. 1.3-9.0 cal ka old, are not deformed. Between depths of ~17.4 m and 23.6 m (total depth of the borehole), sediments dated as ca. 11.0 cal ka old and older are deformed by centimeter-to millimeterscale, high-angle normal faults. Clay-rich sediments at ~19.8 m depth exhibit strong foliation that dips at ~60° (Fig. 4) . These foliated clays, examined by petrographic and scanning electron microscopy, show evidence for cataclasis, Gardner et al. (2001) . All samples analyzed by accelerator mass spectrometry radiocarbon dating at Beta Analytic. Results calibrated using the program CALIB 5.3, according to techniques described in Reimer et al. (2004) . cal-calendar; B.P.-before present.
on May 26, 2011 geosphere.gsapubs.org Downloaded from including weak dimensional preferred orientations of sand-sized grains, well-developed preferred orientations of clay minerals, as well as parallel grooves in clay. Cataclastic lineations in this interval are presumably parallel to the slip direction, although the exact attitude of the fault is not known. Laminated sediments above and below the foliated clays exhibit distributed deformation from a depth of 17.4 m to bottom of borehole.
Sedimentation rates vary markedly in the core (Fig. 4) . For the time period 9.0-7.3 ka ago, the average sedimentation rate is ~2 m/ka (with values ranging from 0.7 to 8.0 m/ka). From 14.0 to 11.0 ka and 7.3-1.3 ka ago, the rates are nearly two orders of magnitude lower. We observed grain-size changes from silty clay (bottom of borehole up to 18.6 m depth) to pebbly silt (~18.6-16.2 m), to fi ne to coarse sand (~16.2-13.7 m). The change from silty clay to pebbly silt coincides with an upward change in the lithology of isolated angular breccia clasts (as long as 6 cm) of welded tuff from dominantly Qbt3t to dominantly Qbt4. However, neither grain size nor this change in lithology of clasts appears to correlate with changes in sedimentation rate.
We interpret the laminated sediments in the lower part of borehole 2C (Fig. 4) as having been deposited in fl owing and ponded water in A fi ssure-opening rupture occurred sometime prior to ca. 14.0 ka ago. A faulting event between ca. 11.0 ka and ca. 9.0 ka ago deformed the fi ssure fi ll sediments and further dilated the fault. Erosion of host rock at the margins of the fault, in particular the ash and surge sequence at the base of unit Qbt4, likely created more opening of the fi ssure. Deposition of fi ssure fi ll continued until ca. 7.3 ka ago, at which point the fi ssure had completely fi lled. The hiatus in deposition between ca. 7.3 ka and ca. 1.3 ka ago and then continued sedimentation up to the base of the tuff suggest further dilation at or before ca. 1.3 ka ago. Relative elevations of stratigraphic contacts in the boreholes imply that the fault that intersects borehole 2C is an east-dipping normal fault with at least 2 m of down-to-the-east stratigraphic separation ).
LOCAL GEOMETRY OF THE PAJARITO FAULT SYSTEM AND VARIATION IN THROW VERSUS LENGTH
In this section, we lay the groundwork for interpreting the mechanics of the PFS by describing geometric aspects of the principal structures. Although the focus of detailed mapping was the north-central part of the PFS, we fi rst discuss the major features of the southern PFS. We have constructed a throw-length profi le (Fig. 5 ) that is based on Bandelier Tuff as the time-stratigraphic marker for measuring separation. Therefore, our measurements are limited to outcrops of the tuff, which extend as far south as Tent Rocks, ~6 km northwest of Cochiti Pueblo, along the west splay of the PF (Fig. 3) . Some previous workers have similarly placed the southern end of the PFS near Cochiti Pueblo ( Fig. 3; e.g., Wong et al., 1995; Smith and Kuhle, 1998; Smith et al., 2001 ) based on its surfi cial expression. Outcrops of Bandelier Tuff provide continuous throw data as far as the north end of the northern Pajarito fault, 3 km north of Santa Clara Canyon.
Southern Pajarito Fault (Cochiti Pueblo to St. Peter's Dome): Two Principal Splays
From Cochiti Pueblo to St. Peter's Dome (Fig. 3) , the PFS consists of numerous short faults, all of them considered part of the PFS but in some cases given other names for ease of reference (e.g., Dixon, Cochiti, and Sanchez faults). Throw for the two principal splays of the PF south of Water Canyon, the west and east splays, varies in a nonlinear fashion along strike on May 26, 2011 geosphere.gsapubs.org Downloaded from on May 26, 2011 geosphere.gsapubs.org Downloaded from (Fig. 5) , resulting in sawtoothed profi les, indicating that this section of the PFS is composed of short segments ~8-12 km long, each of which has maximum throw near the center that tapers off more or less symmetrically at both ends. Where throw is low for the PF west splay, it is high for the PF east splay, except at St. Peter's Dome and Frijoles Canyon, as seen in Figure 5 .
The west splay of the PF is sinuous, having a 10-km-long north-striking southern section, an 8-km-long northeast-striking central section, and a 10-km-long north-striking northern section (Fig. 3) . Throw varies along strike, reaching lows at several points along the northeaststriking section and adjacent to St. Peter's Dome (Fig. 3, location E) , where the fault bends sharply to the north. Where the west splay crosses Cochiti Canyon (Fig. 3, location C) , it offsets a fl uvial terrace (estimated to be ~85 ka old) ~6 m down to the east (Aby, 1997) . The correlative Quaternary terrace in Peralta Canyon, just south of Tent Rocks, is displaced 14 m down to the east (Smith et al., 2001) .
The east splay is generally north-striking except at its northern end, where it curves westward and connects with the west splay north of Frijoles Canyon (Fig. 3) . The southern end of the east splay is the 8-km-long Sanchez fault ( Fig. 3 ; Minor et al., 2006) . Based on strong aeromagnetic expression (Minor et. al., 2006) , the Sanchez fault has been traced another ~10 km south of the Rio Grande. No Bandelier Tuff is exposed there to indicate if that part of the fault has been active since 1.25 Ma ago. The Sanchez fault has its maximum throw of 51 m where it steps to the west to another strand of the PF east splay. In the stepover are numerous topographic lineaments, identifi ed in the LIDAR data, that compose two more or less orthogonal sets, one set parallel to the Sanchez fault and the other orthogonal to it. This area also shows a complicated pattern of intersecting stream channels. One set fl ows south parallel to the east splay and another set fl ows east, nearly orthogonal to the west splay. Complex interaction between these drainage sets refl ects competition between dip domains associated with displacements on the west and east splays. Data from Aby (1997) on displaced post-Bandelier Tuff alluvial deposits along the east splay indicate surface rupture in late Pleistocene time. Near the exposed southern end of the Sanchez fault at the Rio Grande, the fault offsets a fl uvial terrace (estimated to be ~250-340 ka old) ~30 m down to the east (Aby, 1997) .
Central Pajarito Fault: Two Splays and a Breached Relay Ramp
This part of the PFS includes northward continuations of the two prominent west and east splays (Fig. 3) . The spacing between the two splays is ~0.9-1.5 km, except where the east splay bends westward and links with the west splay north of Frijoles Canyon. Other short, small-displacement faults have been mapped in this area, including the Stone Lions splay of Reneau (2000) . At St. Peter's Dome, where the west and east splays fi rst come into close proximity to each other (Fig. 3) , there is a prominent low in throw on both splays, resulting in a pronounced defi cit in cumulative throw for the fault system (Fig. 5) .
The crustal sliver between the two splays is also faulted by high-angle normal faults orthogonal to the north-striking splays, resulting in a series of small horsts and grabens. Near its northern end, the east splay is associated with numerous short, small-throw normal faults that parallel the splay or strike at a high angle to it. The west splay terminates near Water Canyon in a faulted monocline (Animation 1).
Throw on the east splay varies along strike, generally in inverse relation to the west splay (Fig. 6) ; where throw is high on the west splay, throw is low on the east splay and vice versa. This is typical of en echelon normal fault segments (e.g., Peacock and Sanderson, 1994) . Near St. Peter's Dome (center of Fig. 6 ), throw on the west splay is negligible; strata in the hangingwall block of the west splay dip toward the east splay, which has its maximum throw (109 m) at this location. The horst located between the two splays is bounded to the north and south by cross faults. These horst and graben blocks have variable dips, but generally graben blocks tilt toward the west splay escarpment, whereas horst blocks tilt toward the east splay.
At Alamo Canyon, throw on the west splay is negligible, but increases rapidly to the north. At Frijoles Canyon, the west splay is north striking, and the PF is characterized by simple normal faulting, resulting in well-expressed escarpments. Maximum cumulative throw across the entire PFS occurs at Frijoles Canyon, where the west splay displaces the Qbt3t-Qbt4 contact ~155 m down to the east. The east splay displaces the same contact 40 m down to the east, for a total of 195 m (Figs. 5 and 6 ). The eastern splay also forms the western edge of a small ~500-m-wide graben; the fault on the east side of the graben has 30 m down-to-the-west throw on the Qbt2-Qbt3 contact.
The network of faults composing the central PFS appears to be a left-stepping, synthetic relay structure (e.g., Trudgill and Cartwright, 1994) . The overall geometry suggests that the zone between the two splays is a relay ramp (e.g., Crider, 2001 ). The main fault here is the west splay, which is considered active (e.g., Boden, 1980; Gardner and House, 1987; Aby, 1997) .
The distributed faulting near the north end of the east splay (Fig. 3 , near location H) may represent deformation ahead of a propagating fault tip that occurred before the east and west splays linked. As such, these small faults are probably inactive. The linkage point between the splays coincides with a dramatic displacement gradient (Fig. 5) . Throw decreases from the ~200 m maximum at Frijoles Canyon to ~75 m at Water Canyon. The geometry of linkage between the two splays is consistent with results of Crider (2001) , in which left-stepping echelon faults with left-oblique slip tend to breach the hanging wall of the rear segment (the west splay) as stresses are high ahead of the tip of the propagating front segment (east splay). Left-oblique slip produces stress perturbations around the tips of left-stepping echelon fault segments that make the relay ramps releasing steps, thus favoring abandonment of the tip of the rear segment. The east-west-striking, dip-slip-connecting faults between these two splays are consistent with left-oblique slip across a releasing step and suggest that the PFS in this area is undergoing left-oblique slip.
Northern Pajarito Fault: Monoclinal Folding and Distributed Faulting in the Tip Zone
The PF north of Water Canyon is characterized by distributed normal faulting and monoclinal folding (Animation 1 and Figs. 5 and 7). The fault system in this area is rightstepping and curvilinear. It comprises numerous short north-striking splays with small displacements, monoclines, faulted monoclines, transverse faults, and a graben system at the base of the main fault escarpment (Animation 1 and Fig. 7) . Maximum throw of 55 m down to the east occurs on the Anchor Ranch fault (the largely buried main fault in this sector), but associated deformation extends into the footwall block 2000 m to the west of the Anchor Ranch fault and into the hanging-wall block 2000 m to the east. Deformation of the hanging wall is well expressed topographically from just south of Frijoles Canyon to the intersection of the RCF and the PF. The hanging wall is locally deformed by antithetic faulting, monoclinal folding, and westward tilting of hanging-wall strata (Animation 1). There are notable changes in geometry from south to north in this part of the fault system. The width of the footwall deforming zone increases from south to north. Monoclinal dips are greater in the south but accommodate more displacement in the north, indicating a northward increase in the wavelength of the monocline. Monoclinal limb dips are higher at Water Canyon (Fig. 7a , sections E-E′, C-C′, B-B′). The graben system is ~15 km long, extending from about Frijoles Canyon in the south to Rendija Canyon in the north. The northern end is not well expressed structurally. Graben width and depth change from narrower and deeper near Frijoles Canyon to wider and shallower in the north. The geometry of the footwall deforming zone and the presence of monoclines, extensive hangingwall deformation, northward decrease in throw and widening of the fault zone, and branching and diverging of fault strands indicate that this part of the PF is its northern tip zone (Animation 1 and Fig. 7 ).
COMPOSITE THROW-LENGTH PROFILE
A composite throw-length profi le is shown in Figure 5 , which has a total length of ~50 km (Fig. 3) . The profi le shows cumulative throw going to zero at both ends with a maximum (~200 m) located near the center at about Frijoles Canyon. North of Frijoles Canyon, displacement drops off dramatically, producing a pronounced displacement gradient, and reaches a minimum between Rendija and Santa Clara Canyons, before throw picks up signifi cantly on the northern PF (Fig. 5) . Between the main and northern Pajarito faults, displacement is accommodated by down-to-the-west throw on the RCF and GMF as well as down-to-the-east throw on the Sawyer Canyon fault and, possibly, on the Puye fault system east of the study area (e.g., Koning et al., 2005) . As there are no outcrops of offset Bandelier Tuff along the Puye fault (Dethier, 2003) , we have excluded it from our profi le. The total throw (where all summed throws, whether synthetic or antithetic, are positive) across the zone where the RCF, GMF, Sawyer Canyon fault, and northern PF come together is ~52 m. This appears as a prominent displacement low on the composite profi le between Rendija and Santa Clara Canyons (Fig. 5) .
A striking feature of the throw-length plot (Fig. 5) is that the curve for total vertical displacement shows a pronounced low on the profi le at the northern end of the RCF and GMF and subsidiary lows at St. Peter's Dome and directly north of Tent Rocks. Adding distributed deformation west and southwest of the city of Los Alamos (including PF hanging-wall on May 26, 2011 geosphere.gsapubs.org Downloaded from deformation; Fig. 5) does not eliminate the more northern displacement low. At St. Peter's Dome, throw on mapped faults totals only ~80 m. Near Tent Rocks, throw totals only ~70 m. However, there are small faults located west of the west splay that do not cut Bandelier Tuff (Gardner and House, 1987) , but may fold it slightly down to the east. There are also suggestions in the LIDAR data of more faults to the west and east of the PF. The footwall and hanging-wall blocks along this sector may be more deformed than recognized previously. We further discuss these structurally complex zones in the following.
Nearly all faults in the PFS have asymmetric throw-length profi les. On the Rendija Canyon and Guaje Mountain faults, the throw maxima are located near the south end, resulting in large throw gradients toward the PF. The Sawyer Canyon fault, however, has its throw maximum closer to its north end, resulting in a large throw gradient toward the northern PF. The northern PF, in turn, appears to have its displacement maximum shifted toward the PF, but we have few data to determine the shape of its profi le.
DISCUSSION
Paleoseismic Event Chronology
We interpret the stratigraphic and structural evidence in borehole 2C as resulting from subsidiary faulting associated with surface ruptures in the Pajarito fault system. At least three events seem to be required by stratigraphic, structural, and geochronological relations as follows: event 1, older than 14.1 cal ka; event 2, older than 9.0 cal ka and younger than 11.0 cal ka; and event 3, older than 1.3 cal ka and younger than 7.3 cal ka. Event 3 is similar in timing to the youngest event in the PFS (McCalpin, 2005) , the preferred age for which is ca. 1.4 cal ka. Event 2 is similar in timing to the preferred age estimate for a surface-rupturing earthquake on the RCF (ca. 8.1 cal ka or older; Wong et al., 1995; Kelson et al., 1996) . Evidence from a trench in the tip zone of the main PF for an event after ca. 10.5 cal ka ago, possibly near ca. 8.6 cal ka ago , is also suggestive of surface rupture during the same event. The dramatic increase in sedimentation rate ca. 9.0 ka ago in borehole 2C is consistent with dilation, possibly due to a seismic event. Event 1, with only a minimum age constraint, is too poorly constrained to attempt a correlation with other dated seismic events in the PFS.
These data, interpreted in light of previous paleoseismic work in the PFS, add weight to the argument for three Holocene events, one ca.
1.4 cal ka ago on the PF (McCalpin, 2005) , a second 6.5-5.2 ka ago on the PF (McCalpin, 2005 ) that is consistent with an event 6.5-4.2 ka ago on the GMF , and a third ca. 9 ka ago on both the PF and the RCF (Wong et al., 1995; Kelson et al., 1996; Reneau et al., 2002 ; this study). The simplest explanation for the available evidence is simultaneous rupture on the PF during the most recent event on the other two faults, and establishment of structural linkage of the faults of the PFS to one another. When this occurs, the resultant seismic moment and therefore the earthquake magnitude must be larger than when the PF ruptures alone. Recognition that the Rendija Canyon and Guaje Mountain faults are structurally linked to the PF simplifi es the number of rupture scenarios that must be considered in assessment of seismic hazard (Wong et al., 2007) .
Fault Tip
As detailed here, the geometry of the extensional monocline associated with the central PF fault tip varies systematically from south to north. Similar to the Nopolo structure in the Gulf extensional province of Baja California (Willsey et al., 2002) , the amplitude of the monoclinal segments varies, reaching a maximum (75 m) near the northern tip at Quemazon Mesa, where the Anchor Ranch fault does not break the surface and the monocline accommodates all of the down-to-the-east throw.
Where the Anchor Ranch fault breaks the surface to the south, it does so at the lower monoclinal hinge. A graben at the base of the escarpment is present along the PF from Water Canyon to Los Alamos Canyon, with the Anchor Ranch fault and/or the monocline forming the west side of the graben. This contrasts with the Nopolo structure, where steep to moderate dips persist well out into the hanging wall (Willsey et al., 2002) .
Like other extensional monoclines (e.g., Withjack et al., 1990; Hardy and McClay, 1999; Withjack and Callaway, 2000; Willsey et al., 2002) , those associated with the PF formed by propagation of normal fault tips. As the Anchor Ranch fault propagated upward, breaking the surface between Water and Los Alamos Canyons, growth of the fold presumably ceased. Spatial trends in the geometry of the monocline appear to be a proxy for time in that more southern sections, with higher limb dips, underwent faulting of the monocline earlier than more northern sections. Overall, these trends suggest northward propagation of the PF tip from Water Canyon to Rendija Canyon, a distance of ~8 km, since the tuff was deposited. on May 26, 2011 geosphere.gsapubs.org Downloaded from
Fault Interaction and Linkage
The short lengths and antithetic dips of the RCF and GMF, and their location in the stepover between the PF and the northern PF, suggest that they are subsidiary to the larger displacement east-dipping faults. The paleoseismic data corroborate this. To visualize the interaction of these synthetic and antithetic faults at depth, we have constructed schematic cross sections at a number of points along the PFS (Fig. 8) as well as a three-dimensional conceptual model (Fig. 9) . In Figure 8 cross sections, we depict a range of reasonable dips for several faults (i.e., 45°-75° for the PF and 60°-90° for the RCF and GMF). The map patterns of faults in the PFS show that most are high angle, nearly vertical, at the surface; few if any faults form a V across canyons in map view. Except in the case where the PF is steep and the RCF and GMF are vertical, the antithetic faults intersect the PF at a relatively shallow depth. Figure 9 shows our interpretation of the fault geometry in the subsurface. As the principal bounding faults of the Española basin, the PF and northern PF are probably crustal-scale faults (dipping at high angle down to the base of the brittle crust; Baldridge et al., 1995) , whereas the RCF and GMF are subsidiary but important, in that they bridge the gap, in the subsurface at least, between the main and northern strands of the Pajarito fault.
The RCF has a strongly asymmetric throwlength profi le with maximum throw and a sharp displacement gradient near its southern end (Fig. 5) . The GMF is similar. The PF, by contrast, has a steep displacement gradient near its northern end. In its tip zone, displacement is distributed onto numerous short splays rather than one main fault, and monoclinal folding accommodates part of the strain. The shapes of the fault throw profi les are typical of situations in which elastic interactions occur between neighboring faults (e.g., Peacock and Sanderson, 1991; Dawers and Anders, 1995) ; interacting faults display profi les with maximum displacement skewed toward the overlapped end of the fault trace, and the displacement gradients toward the tips of overlapping faults are steeper than nonoverlapping tips (e.g., Peacock and Sanderson, 1991) . The overlap between the PF and RCF, their pronounced asymmetric throw gradients, and the distributed deformation at the northern tip of the PF and southern tip of the RCF indicate fault, and thus stress, interaction, which is corroborated by the paleoseismic data. In two of three Holocene earthquakes, the PF ruptured with one of the overlapping antithetic faults.
Fault interaction has signifi cant implications for seismic hazards. The probability of an earthquake rupture propagating from one fault to another increases with the degree of stress interaction between the faults (Scholz and Gupta, 2000) . When the PF and the RCF rupture together, the seismic moment and therefore the magnitude should be substantially larger than when the PF ruptures alone. Paleoseismic data show that the PF sometimes ruptures alone and sometimes ruptures with either the RCF or the GMF. This pattern may be due to stress interactions. If the RCF ruptures, the stress on the GMF may decrease, because it would be in a zone of reduced stress (e.g., Caskey and Wesnousky, 1997; Crider, 2001 ). The converse is also likely true. However, when the PF ruptures, stress would increase along strike, likely pushing the RCF or GMF closer to failure.
Based on its probable interaction with the RCF and GMF, the PF may no longer propagate northward, although it may continue to propagate upward through the Bandelier Tuff. Rather, the PF, RCF and GMF are slowly accumulating displacement in the zone of overlap between the faults, and thus gradually fi lling in the local displacement defi cit relative to the system as a whole (Fig. 5 ). This is a fault system of short segments that have just recently linked together; the near-surface displacement asymmetries have not yet evened out.
Like many other normal faults, the PFS is corrugated (e.g., Ferrill et al., 1999) , having multiple overlapping sections 8-14 km in length and ending in curved or angular bends. The general absence of hanging-wall rollover, or reverse drag, except between Frijoles and Pajarito Canyons, suggests that fault corrugations generally plunge downdip parallel to a planar fault surface (Fig. 9) . As available paleoseismic data demonstrate that the PF, RCF, and GMF are mechanically linked and sometimes rupture together, fault growth likely occurred through physical linkage of overlapping segments by processes of updip and lateral propagation of en echelon fault tips and formation of new connecting faults (e.g., Peacock and Sanderson, 1994; Trudgill and Cartwright, 1994; Tavarnelli and Pasqui, 2000) . The displacement gradients at the interacting ends of the PF, RCF, and GMF, and other asymmetries in the throw-length profi le associated with bends in the fault system result from physical linkage of segments (Fig. 9) .
Growth by linkage of fault segments has implications for the regional strain rate through time in this part of the Rio Grande rift. Numerous studies have shown that slip scales linearly with fault rupture length (e.g., Scholz, 1982; Wells and Coppersmith, 1994) . One well-known model for fault growth holds that faults become larger due to systematic increases in rupture length and maximum displacement (e.g., Cowie and Scholz, 1992) .
Faults grow by accumulation of slip over millions of years and by tip-line propagation and linkage of initially isolated faults. As length increases, displacement increases. As a fault propagates along strike, its surface area also increases, meaning that seismic moment must increase through time as well, because moment is a function of fault plane area (Nicol et al., 1997) . The implication is that the regional strain rate also increases with time, since strain rate increases with increasing seismic moment. Constant regional strain rate may be achieved if fault lengths are established early and lateral propagation is slowed by fault interaction or by a temporal decrease in the number of active faults, such that strain is concentrated on fewer faults that get bigger through time (Nicol et al., 1997) . If the regional deviatoric stress is constant though time, then strain may concentrate on a few larger faults, and smaller faults become inactive. This may be a reason why the early Rio Grande rift basins were generally broader than the present basins (e.g., Chapin and Seager, 1975) . This may be why the rate of activity on the Cañada de Cochiti and Caño-nes fault zones (Fig. 1 ) slowed as late Miocene extension at the Española basin margin focused on the PFS (e.g., Gardner and Goff, 1984) .
Fault Bends and Intersections
As noted here, the PFS has three principal bends that coincide with throw defi cits (one concave, beginning south of Rendija Canyon; one convex, at St. Peter's Dome; and the third concave, north of Tent Rocks) (Figs. 3, 5, and 9) . In the bend beginning near Rendija Canyon (section S5, Fig. 8 ), the antithetic RCF and GMF likely abut the PF in the subsurface. The depths at which they intersect depend on the dips of the faults. Unless all faults are vertical, the intersections should be at less than 10 km depth (Fig. 8) .
Where faults intersect, they can lock, resulting in a geometrical complication that in many cases is a strong part of the fault system with increased resistance to earthquake rupture propagation (e.g., Aki, 1979; Susong et al., 1990) . Such fault intersections may not always act as barriers, however. Elastic strain can build within them, eventually nucleating a rupture or loading the barrier close to its yield strength, setting it up for possible triggering by a near-fi eld or far-fi eld earthquake (e.g., Caskey and Wesnousky, 1997; Gomberg and Johnson, 2005) .
Similarly, bends can also act as nucleation points. Some of the many examples in the literature of unilateral and bilateral ruptures with subevents that initiated at bends or where two normal fault segments intersect include the 1981 Gulf of Corinth (Greece) earthquake Vita-Finzi and King, 1985) , the 1984 LazzioAbruzzo (Italy) earthquake (Westaway et al., 1989) , the 1959 Hebgen Lake (Montana, USA) earthquake (Doser, 1985) , and the 1954 Dixie Valley-Fairview Peak (Nevada, USA) earthquake (Doser, 1986) . In some of these cases, the ruptures failed to breach the surface between the fault segments. Of particular concern in terms of seismic hazard is irregular rupture propagation with nonuniform slip (i.e., a rupture with subevents), which tends to enhance high-frequency waves (Aki, 1979) . A possible analog for the convex bend near St. Peter's Dome on the PF is the Borah Peak horst in Idaho, which is at the convex intersection of two normal fault segments, one of which (the Lost River fault) ruptured in the Borah Peak earthquake (Susong et al., 1990) . The intersection zone at the Borah Peak horst is thought to have infl uenced earthquake nucleation and arrest for millions of years (Susong et al., 1990) . The concave bend and wide complex zone of extensional deformation between the main and northern Pajarito faults and the RCF south of Rendija Canyon (Fig. 3) may be analogous to the Gulf of Corinth system. In the 1981 Gulf of Corinth earthquake series, warping of the surface between two normal faults resulted in strike-parallel extension and discontinuous surface fi ssures between the two main surface ruptures (e.g., Jackson, 1982; VitaFinzi and King, 1985) . As is the case with the PF and northern PF, the main Corinth fault failed to reach the surface across the bend, even though it may be a continuous structure in the subsurface. In systems like the Gulf of Corinth or the PFS, secondary faults, nucleating at the surface and propagating downward, might result from large near-surface stress perturbations between two principal faults.
CONCLUSIONS
The Pajarito fault system (PFS) includes the main Pajarito fault (including the west and east splays) and the Rendija Canyon, Guaje Mountain, northern Pajarito, Sawyer Canyon, and Puye faults and associated monoclinal folds, small-displacement faults, and fi ssures. The geometry of the PFS varies in a complex fashion along strike. Extensional monoclines are a primary feature of the main PF at its northern tip, where the fault terminates in a series of secondary en echelon to northward-branching faults that comprise a wide zone of discontinuous, small-displacement, synthetic and antithetic faults and folds.
The main PF has a strongly asymmetric aggregate throw-length profi le with maximum throw and a sharp throw gradient toward its northern end. The Rendija Canyon and Guaje Mountain faults have steep throw gradients near their southern ends. Along the central part of the main Pajarito fault, where total throw is largest, the PF consists of a series of fault-breached relay ramps where displacement is partitioned onto two principal, subparallel fault splays. The main PF interacts structurally and mechanically with the overlapping, antithetic Rendija Canyon and Guaje Mountain faults. Interaction between the tips of the Pajarito and Rendija Canyon faults is expressed by branched secondary faults at the terminations of both faults. A marked low on the throw versus length profi le of the fault system is located where these faults overlap. Between these two faults within the Diamond Drive graben, east-west-striking normal (oblique-slip?) faults have formed in the north-plunging structural ramp at the south end of the graben. The southern end of the GMF has not been mapped in detail, but its southern termination is likely to be similar to that of the Rendija Canyon fault.
The main PF appears to have propagated northward ~8 km from Water to Rendija Canyon since deposition of the Tshirege Member 1.25 Ma. It does not appear to be propagating lengthwise north of Rendija Canyon at this time, although propagation upward through the Bandelier Tuff may be continuing. Rather, the main Pajarito and Rendija Canyon faults are accumulating displacement in the zone of overlap between the faults, gradually leveling out the displacement profi le of the system as a whole.
Like many other normal faults, the main PF is corrugated and its fault trace is bent, having multiple overlapping sections 8-14 km in length that strike north or northeast. Fault growth in the PFS likely occurred through linkage of overlapping segments by processes of updip and lateral propagation of en echelon fault tips and formation of new connecting faults, possibly infl uenced by older northeaststriking structures (cf. Minor et al., 2006) . Short, transverse cross faults within the PFS, such as at Pajarito Canyon, are also likely to be associated with preexisting northeast-striking structural grain. The length of the fault system and, in part, its corrugated shape, may be controlled by the spacing of older structures.
The PFS has three principal bends, near Rendija Canyon, at St. Peter's Dome, and near Tent Rocks, that coincide with displacement deficits. The geometric complications posed by fault intersections at these bends may play important roles in strain accumulation and release, infl uencing rupture nucleation and propagation.
New paleoseismic data from a normal fault strand, interpreted in light of previous paleoseismic work, argue for three Holocene surfacerupturing earthquakes, one ca. 1.4 cal ka ago on the Pajarito fault, a second 6.5-5.2 ka ago on the Pajarito that is consistent with an event 6.5-4.2 ka ago on the Guaje Mountain fault, and a third ca. 9 ka ago on both the Pajarito and the Rendija Canyon faults. This paleoseismic event chronology demonstrates that the PF sometimes ruptures alone, but at other times it ruptures along with the Rendija Canyon fault or the Guaje Mountain fault. When this occurs, the resultant seismic moment and therefore the earthquake magnitude are larger than when the main PF ruptures alone. The evidence for fault interaction suggests the potential for static stress concentrations and earthquake triggering. Given the evidence for youthful movement on the PFS, future ruptures that involve the main Pajarito and other faults of the PFS should be expected.
